Abstract-In this paper, an analytical method to characterize the frequency behaviour of Composite Right/Left Handed (CRLH) loaded printed dipole antenna is presented. One needs to determine the parameters of ungrounded reactive components realizing CRLH structures. Efficient resonant RLC circuit models based on Partial Elements Theory are presented to calculate inductance of meander line inductor and inter digital capacitor, while their capacitance is determined by Conformal Mapping Method. By using these circuit models and dispersion relation of balanced CRLH TL, negative resonance modes of antenna can be obtained. In addition, to validate the accuracy of the proposed analytical method, a prototype of the CRLH loaded printed dipole antenna is simulated, fabricated and measured.
INTRODUCTION
In recent years, a novel kind of artificial structures known as Composite Right-Left Handed (CRLH) structures has become subject of growing interest in antenna engineering because of their left-handed properties, not found in nature. Usually constructed by small, compared to the wavelength, components arranged in periodic manner. The transmission lines loaded with reactive components having left-handed behaviour have been applied to many forms of antennas such as dipoles and loops, to improve their performance. Left-Hand concepts have been used to microstrip transmission lines [1] , and microwave circuits [2] . In [3] high pass filters have been designed by using of balanced CRLH/CSRR-based metamaterial transmission lines. In [4] a CRLH microstrip delay line, which simultaneously exhibits negative refractive index and negative group-delay, has been presented. CRLH and Extended CRLH (ECRLH) transmission lines have been studied and evaluated to find the most suitable structure for dual band power amplifiers in [5] . In [6] a leaky wave antenna consisting of microstrip transmission lines has been presented. The left-handed TL concept has been also applied to small antennas constructed on a ground plane [7, 8] . Applications such as an infinitesimal dipole immersed in left-handed material [9] , the left-handed ladder network to form a small dipole antenna [10] , a short dipole antenna and an orthogonally polarized dipole antenna have been studied in [11] . Loading CRLH structures has been successfully applied to antennas to achieve an equivalently miniaturized design. Some simulations have been also presented for enhancement the efficiency of the left-hand loaded dipole antennas in [12] . However, analytical modeling and governing formula versus CRLH parameters for investigating the frequency behaviour and design of the printed dipole antennas loaded with CRLH structures has not yet been presented.
In [13] rectangular shape complementary split ring resonators (CSRRs) with different dimensions are introduced to realize balanced Composite Right/Left Handed (CRLH) structure and their propagation characteristics are demonstrated. A novel artificial transmission line with Left/Right Handed behavior based on wire bonded inter digital capacitors provided a wider frequency band of operation has been presented in [14] . In this paper, the CRLH structures is comprised by repetition of inter digital capacitors as series and meander line inductors as shunt components into a host conventional TL exhibiting a LH band at lower frequencies and a RH band at higher frequencies. Analysis of the CRLH loaded dipole antenna is presented based on the dispersion relation of an infinite CRLH TL [15] . In this case, the CRLH structures do not include a ground plane, capacitance and inductance of ungrounded inter digital capacitors and ungrounded meander line inductors should be calculated versus physical layout parameters for antenna frequency behavior analysis.
A partial-element equivalent circuit model (PEEC) for the inductance determination of grounded meander line inductors printed on circuit boards and their capacitance determination by means of curve fitting has been presented in [16] , while, parameters determination of ungrounded meander line inductors has not yet been presented. Also, more accurate calculation for inter digital capacitance is obtained by analytical formulation reported in [17] , but inductance determination of them has not yet been presented.
In this paper, novel formulas for calculating the parameters of ungrounded reactive components forming CRLH structures are presented. In other words, inductance and capacitance of ungrounded meander line and inter digital structures are determined analytically using quasi-static approximation. The results of which are in close agreement with those obtained through simulation and available measurement data. Also, comprised [11] , this proposed antenna has superiority in miniaturization and bandwidth.
In this paper, inductance and capacitance calculations of ungrounded meander line and ungrounded inter digital structures are presented in next section. Analysing and design of proposed antenna is described in Section 3. The implementation of the CRLH dipole antenna is described in Section 4 with measurement and simulation results obtained by the High Frequency Structure Simulator (HFSS).
ANALYTICAL MODELING OF MEANDERLINE INDUCTOR AND INTERDIGITAL CAPACITOR

Ungrounded Meander Line Inductor
As stated earlier, printed ungrounded meander line inductor can be used as the shunt element in transmission line for realization of CRLH structures, Figure 1 shows a single turn of ungrounded meaner line inductor. The inductance of a grounded meander line has been calculated and presented along with measured data [16] . In this paper, first, we use quasi-static approximation to analytically determine the inductance of a meander line with ground plane and the results are compared with those reported in [16] in order to validate our proposed method, then our method is applied to cases with ground plane removed. The self inductance of meander line inductor is calculated based on Evaluation of Partial Inductances method which has been previously reported in [18, 19] . For calculation of the inductance of grounded meander line, each segment and its image should be taken into account. For rectangular segments, let the length be l and the widths of two sides be W and T , respectively. The self inductance for each segment of meander line inductor can be determined by (1) [19] . Defining the normalized width and thickness as w = W/l, t = T /l, and the normalized distances as follows
The self inductance of any segment can be written as follows 
where S(x) = sinh −1 (x) = ln x + (1 + x 2 ) 0.5 ) and T (x) = tan −1 (x) denote the arc hyperbolic sine and tangent functions, respectively. The two main parameters of these inductors are the arm length l, separation between arms S and thickness of metallic layers T , that T is assumed to be constant (T = 0.035 mm). The partial mutual inductance depends mainly on the relative geometrical position and the lengths of the two segments and slightly on the shapes cross section. Considering two parallel segments of the same width W , thickness T , length l and centre-to-centre distance D (D = S + W ). The mutual inductance between any two parallel segments can be achieved analytically by [20] 
where the self inductance (Ls) in (2) is determined by (1) with the subscript denoting the thickness of the segment, in which, W is width and l is length. Figure 2 shows the different forms of mutual differential segments for which mutual inductances are to be determined.
Total flux of grounded meander line inductor can be written as Φ = L · I (3) where I denote the current of the meander line inductor and L is the equivalent inductance of a grounded meander line inductor that can be obtained as follows L = Ls total + |M total | (4) In which, Ls total and M total are sum of self inductances and sum of mutual inductances, respectively. For calculating Ls total , Eq. (1) should be applied to each segment and its image separately. In determination of M total , mutual inductance between any two parallel arms is the most effective, especially in long arms, shown in Figure 2 (c), which can be written as
where M is obtained by (2) and N is the number of turns for a meander line inductor.
where, M 1 and M 2 are sum of mutual inductances between any two adjacent arms and any two arms with 2S separation distance, respectively. The sign of mutual inductance is −1 or +1, depending on the currents directions. To show the validation of this approach, our results are compared with those previously reported results in [16] . It is assumed that the meander line inductor is mounted on a grounded substrate having thickness of (h = 1.5 mm). Table 1 summarizes the results obtained by the proposed analytical method (L analysed ), including physical parameters (number of turns, l, W , and S) and the measurement results (L measured ) obtained from [16] . The mutual inductance between the l segments and their return path in the ground plane is neglected because of inversely current direction on two adjacent arms. As shown in Table 1 , the results obtained by analytical method are agreed with the measured results. These results are valid at VHF and UHF bands depending on the physical parameters of meander line inductor. Finally, the ground plane may be removed and same the process can be applied again for the ungrounded meander line inductor. Figure 3 shows the normalized input impedance of the ungrounded meander line inductor, Z in , obtained by MoMs simulation, having resonant frequency beyond which the inductor acts as a capacitor, in other words, it can be modeled as a RLC parallel circuit. Input impedance of meander line inductor can be determined by
where, z 0 is 50 Ω reference impedance. As shown in Figure 4 , the ungrounded meander line inductor includes two types of capacitors. Conformal Mapping Method [21] can be applied for calculation of air gap capacitor and the dielectric gap capacitor is determined by [22] except for the removal of the ground plane. As the two adjacent parallel arms with reverse currents are similar to slot-line in odd mode, therefore, the following expression may be applied in slot-line odd mode for determination of C ga
where
(a) (b) In which, W and S are the width of segment and distance between two adjacent arms, respectively. K(k) and K(k ) denote the elliptic function and its complement. For determination of C gd , one can write
Therefore, the gap capacitance of a single turn ungrounded meander line inductor, as shown in Figure 1(a) , is determined by
And the total capacitance of N turns ungrounded meander inductor is obtained as Finally, according to (6) and (13) resonant frequency of a ungrounded meander line inductor can be expressed as Table 2 shows the results obtained by proposed analytical method which agree with the simulation results obtained by ADS momentum software. More accurate equations may be obtained by considering other mutual inductances and by optimizing the effective ε r .
Ungrounded Inter Digital Capacitor
Inter digital capacitors are widely used as passive elements in many microwave integrated circuits. Due to the simplicity of fabrication of the ungrounded inter digital capacitors on Coplanar Wave Guides (CPW); it is convenient to use these capacitors in periodic loading in planer transmission lines. The schematic diagram and the cross sectional view of ungrounded inter digital capacitor is shown in Figure 5 , it consists of a set of inter digital fingers with geometrical parameters.
To obtain a closed form expressions for the capacitance of inter digital capacitor, Conformal Mapping method can be applied. The total capacitance, C of ungrounded inter digital capacitor is the sum of capacitances of each section, thus we need to calculate C 1 , C 2 and C 3 shown in Figure 5 (a) as follows [17] where l is the length of the finger, K(k i ) is the complete elliptic integral of the first kind, and
The capacitance of the outer edge of section (C 3 ) is
And the capacitance end section (C 2 ) of each finger can be obtained by
where s as the width of fingers, g as the gap between two adjacent fingers, ε r as the dielectric constant of substrate and h as the dielectric thickness are shown in Figure 5 . Finally, the total capacitance of ungrounded inter digital capacitor with n fingers can be determined as follows
(a) (b) Figure 6 . Ungrounded inter digital capacitor simulated at ADS momentum software, (a) phase of Y in , (b) magnitude of normalized Y in .
As shown in Table 3 , the results obtained by this analytical method agree with the measurement results [17] . Figure 6 shows normalized ungrounded inter digital capacitor Y in having resonant frequency beyond which this capacitor behaves as an inductor, in other words, it is modeled as a RLC series circuit as shown in Figure 5 (c). Input impedance of ungrounded inter digital capacitor can also be determined by (7). 
where L ii is the self inductance of each finger obtained by (1) , L ij (i = j) is the mutual inductance between any two fingers obtained by (2) .
Inverse matrix of [L IC ]([Γ]
) might be determined noting that capacitor fingers are parallel. The equal inductance can be obtained by
where n is the number of capacitor fingers. Finally, according to (23) and (25) the resonant frequency of the ungrounded inter digital capacitor is obtained by
As shown in Table 4 the results obtained by the proposed analytical method agree well with MoMs simulation results. Table 4 . Analyzed and simulated inductance of the set of ungrounded inter-digital capacitors. 
ANALAYZING AND DESIGN OF ANTENNA
A CRLH cell and its equivalent circuit model are shown in Figure 7 , which is periodically loaded on the antenna. Figure 8 shows the unloaded dipole antenna and CRLH loaded dipole antenna configurations. Radiation mechanism of this antenna has been studied in [11] , when a voltage is applied at the feed point, the currents I 1 and I 2 , shown in Figure 8 , have different amplitude levels and are out-ofphase. As distance d is much smaller than a free space wavelength, λ 0 , phase difference in the two paths will not affect the far field radiation of the currents I 1 and I 2 in which case, the radiation source becomes the summation of I 1 and I 2 .
As the currents in the x direction are out-of-phase at the symmetrical positions for the feed point, cross polarization remains in a low level. The interesting feature of the CRLH loaded dipole antenna is the excitation of negative resonance modes of dipole antenna at lower frequencies. In addition to the fundamental resonance mode of m = −1, higher order negative resonance modes will be excited, even if the CRLH loaded antenna length is less than the free space wavelength, λ 0 . Based on the characteristics of an ideal homogenous balanced CRLH resonator, we have [15] = |m|
where, is length of dipole antenna, the number m is a negative integer, and λ is induced current wavelength, which is controlled by inductors and capacitors. Dispersion relation can be expressed for the dipole antenna loaded with CRLH structures, also operating in negative resonances. In other words, this dipole antenna will have 0.5λ u length, wherein λ u is unloaded dipole antenna wavelength, even in lower frequencies, resulting in the miniaturization of printed dipole antenna.
Resonance frequencies of this antenna in negative mode numbers can be determined analytically versus unloaded dipole antenna resonance
Based on phase constant β related to an infinite transmission line loaded with the CRLH cells, and is expressed as [15] where ω is angular frequency, p is periodic distance between two subsequent cells. Let N be the number of CRLH cells loaded on antenna and the length of dipole antenna. First, by means of Eqs. (27) and (28), constant values, A and B, can be defined as follows
where f ru is resonance frequency of the unloaded printed dipole antenna in free space, C the velocity of light in free space and ε eff the effective dielectric constant for narrow trace [23] , and assumed W u = 0.05h as shown in Figure 8 (b). Then, according to (28) and (29), resonance frequency in negative mode is obtained as follows
(30) where L R and C L are related to ungrounded inter digital capacitor, L L and C R are related to ungrounded meander line inductor. Eq. (30) has four roots that one of them is acceptable which shows the resonance frequency of negative mode number. For clarity, the results obtained by this analytical method are compared with HFSS simulation results in Table 6 . According to Figure 8 , constant parameters of simulated antennas in Table 6 are mentioned in Table 5 . Figure 9 shows the fabricated printed dipole antenna loaded with CRLH structures. The antenna is implemented on Taconic substrate with thickness of 0.8 mm, permittivity of 2.2 and loss tangent of 0.0009 that its CRLH parameters are highlighted in Table 6 . The parameters of simulated and fabricated antenna shown in Figure 8 are mentioned in Table 5 . The antenna is simulated in HFSS environment. The widths of lines and gaps are 0.4 mm and 0.2 mm respectively for ungrounded meander line inductor and ungrounded inter digital capacitor. The number of digits of ungrounded inter digital capacitor is 4 and the number of the turns of ungrounded meander line inductor is 10. The balun as shown in Figure 9 (b), is composed of four sections to convert the balanced electrical field, TEM mode of coaxial feeding line, to unbalanced slot-line electrical field [24] . Figure 10 shows the reflection characteristic of the simulated antenna through the balun with inter digital capacitor gap 0.1 mm on Rogers RO4003 substrate with permittivity 3.38 and analytical resonant frequencies on simulation curve have been determined for m = −1 and m = −3. As shown in Figure 10 As shown in Figure 10 (b), frequency shift ∆f , between simulation and measurement results is 51 MHz for m = −1. HFSS simulation inaccuracy in structures with such small gaps and manufacturing tolerance in antenna realization such as those related to physical dimensions of substrate and substrate permittivity tolerances at low frequencies are responsible for ∆f . In other words, the dielectric substrate is modified in the different frequencies i.e., the antenna performance is modified and as a result, the values of the capacitors and inductors have to be adjusted so that the resonant frequency would be nearly the same as that of obtained by analytical method and input impedance would be matched with feed line. An input impedance with a real part close to 50 Ω and a imagine part is nearly zero, is achieved at 326.0 MHz in m = −1 mode and bandwidth is 3%. Length of the antenna for m = −1 resonance mode, is 0.1 λ 0 wherein, λ 0 is free space wavelength. It should be also pointed out that the relationship between negative resonance modes and their corresponding frequencies is nonlinear. The radiation pattern is measured in the yz plane at 326.0 MHz and is shown in Figure 11 . The radiation pattern is obtained as expected from a dipole antenna. Measured gain is −8.9 dB and the loss of the balun is less than 0.5 dB which is included in the gain value. Cross polarization is lower than −12 dB in case of m = −1 mode.
SIMULATION AND MEASUREMENT RESULTS
CONCLUSION
An analytical modeling to characterize the frequency behavior of a printed dipole antenna loaded with the CRLH structures is presented. The CRLH loading is realized by means of ungrounded inter digital capacitors as series and ungrounded meander line inductors as shunt components. A governing formula for obtaining the resonant frequencies in negative resonance modes related to the CRLH loaded antenna by means of dispersion relation and versus the parameters of ungrounded inter digital capacitors, ungrounded meander line inductors and the unloaded dipole antenna resonance frequency is proposed. Also, the essential expressions of the parameters of ungrounded inter digital capacitor and ungrounded meander line inductor in low frequencies, UHF band for a computer implementation, are proposed. For calculation of capacitance of the CRLH structures, conformal mapping method is used. Advantages of the proposed analytical method are that it gives us the liberty to manage the antenna miniaturization at fundamental negative mode frequency, in addition, CRLH structures parameters are determined by proposed closed form expressions. Length of the CRLH loaded dipole antenna is much shorter than 0.5 λ 0 for m = −1 resonance mode, that is 0.1 λ 0 . The main challenge of CRLH loaded dipole antennas is the optimization of efficiency.
The short length of the CRLH loaded printed dipole antenna, makes it suitable for small antenna applications. In other words, loading the CRLH structures on the antennas is a novel approach for antenna miniaturization. It is clear that the concept of the CRLH structures and their applications with regard to antennas, are significantly increasing, making antennas suitable for different applications.
